We have measured the efficiency of stop-transfer function for a set of pseudo-random, 18-residue amino acid segments, both in Escherichia coli and in mammalian microsomes. In general, stop-transfer function correlates well with the mean hydrophobicity of the segment, though exceptions exist. Kinetic studies suggest that polar segments are rapidly translocated through the E. coli inner membrane and that strongly hydrophobic segments become permanently anchored, while sequences with an intermediate mean hydrophobicity become partly trapped in a transmembrane disposition for a considerable time before being released to the periplasm or degraded.
TCCGAGACTAGT(A 0.30 C 0.15 G 0.25 T 0.30 /A 0.25 C 0.20 G 0.15 T 0.40 /A 0.00 -C 0.95 G 0.05 T 0.00 ) 18 GGATCCGTGACGCACCGC were amplified by PCR using primers complementary to their unique ends and were cloned into a modified lep gene between a SpeI site introduced by site-directed mutagenesis in codons 226 and 227 and a BglII site introduced in codons 231 and 232. The gene used in the microsome experiments also carried an Asn214→Gln mutation (removing the potential glycosylation site in wild-type Lep) and mutations converting residues 96Ϫ98 and residues 258Ϫ260 to, respectively, Asn-Ser-Thr and Asn-Ala-Thr (introducing two new potential glycosylation sites). Fusions to the phoA gene were made by introducing a KpnI site in lep codon 253, and fusing the KpnIϪSmaI fragment from a previously constructed lep fusion [24] carrying a phoA gene lacking the 5′ segment coding for the signal sequence behind the new KpnI site in lep. Similarly, the 78-residue biotinylatable domain from an XbaIϪSmaI fragment carrying a lep gene with the above in the cytoplasm results. For inserts lacking stop-transfer function (right), modifications (i.e., the SpeI, BglII and KpnI sites, glycosylation the PhoA moiety is translocated to the periplasm where it folds into sites in residues 96Ϫ98 and 258Ϫ260, and an Asn214→Gln mu-an enzymatically active, protease-resistant species. Proteolysis of intact tation) was cloned behind the SP6 promoter in a previously con-spheroplasts thus gives rise to a protected fragment encompassing the structed pGEM1 derivative [25] containing a lep gene that had stop-transfer sequence plus the PhoA domain in the former case, and to a slightly smaller protease-resistant PhoA moiety in the latter. After been modified in its 5′ upstream region by the introduction of disruption of the spheroplasts with detergent, only the folded, periplasan XbaI site and by changing the context 5′ to the initiator ATG mic form of PhoA is protease resistant.
codon to a 'Kozak consensus' sequence [26] . Thus, the 5′ region of the gene was modified to : ...ATAACCCTCTAGAGCCAC-CATGGCGAAT... (XbaI site and initiator codon underlined). In propriate pING1-derived plasmids (in the presence of 0.2 % araa second step, SpeIϪKpnI fragments from pING1 plasmids car-binose) as described [29] . rying lep-phoA fusion genes with pseudo-random inserts were Biotinylation assay. Biotinylation of the PSBT domain in ligated between the SpeI and KpnI sites, thus creating intact lep LepϪPSBT fusion proteins was assayed in strain MC1061 genes with pseudo-random inserts and with potential glycosyla-grown to mid-log phase in Luria-Bertani medium by induction tion sites in positions 96 and 258 that could be expressed in of the fusion protein with arabinose (see above) for 1 h, followed vitro.
by preparation of spheroplasts, treatment with 10 µg/ml trypsin Protease-protection assay of stop-transfer function in E. for 20 min on ice and addition of PhMeSO 2 F to a final concencoli. E. coli strain MC1061 transformed with the pING1 vector tration of 1.4 mg/ml. After SDS/PAGE, proteins were trans- [21] carrying the relevant constructs under control of the arabi-ferred to nitrocellulose, blotted with either streptavidinϪhorse-nose promoter was grown at 37°C in M9 minimal medium sup-radish peroxidase according to the manufacturers recommendaplemented with 100 mg/ml ampicillin, 0.5 % fructose, 100 mg/ tions or with a Lep antiserum that had been affinity purified ml thiamin, and all amino acids (50 mg/ml each) except methio- [30] , and visualized by the ECL procedure (Amersham). Band nine. An overnight culture was diluted 1:25 in fresh medium, intensities were quantified by laser densitometry using a Molecshaken for 3.5 h at 37°C, induced with arabinose (0.2%) for ular Dynamics Personal Densitometer. 5 min, and labeled with [ 35 S]methionine (75 µCi/ml). After In vitro transcription and translation in reticulocyte ly-1 min, non-radioactive methionine was added (500 mg/ml) and sate. pGEM1 plasmids carrying the relevant constructs were incubation was continued for various times after which it was used for in vitro transcription. Synthesis of RNA by SP6 RNA stopped by chilling on ice. Cells were centrifuged at 20 800 g for polymerase and translation in reticulocyte lysate in the presence 2 min, resuspended in ice-cold buffer (40% mass/vol. sucrose, of dog pancreas microsomes was performed as described [31] . 33 mM Tris, pH 8.0) and incubated with lysozyme (5 mg/ml) Translocation of polypeptides to the lumenal side of the microand 1 mM EDTA for 15 min on ice. Aliquots of the cell suspen-somes was assayed both by prevention of N-linked glycosylation sion were incubated 10 min on ice and 5 min at room temper-through competitive inhibition by addition of a glycosylation ature, either with no additions, with the addition of 25 mg/ml acceptor tripeptide but not by a non-acceptor tripeptide, and by proteinase K, or with 25 mg/ml proteinase K and 0.2 % Chaps proteinase K treatment of either intact or detergent-solubilized [27] . After addition of phenylmethylsulfonyl fluoride (PhMe-microsomes as described [32] . Kinetics of glycosylation was SO 2 F), samples were acid precipitated with trichloroacetic acid measured as described in [33] , and the results were quantitated (10% final conc.), resuspended in 10 mM Tris/2 % SDS, immu-by phosphoimager analysis.
Hydrophobicity analysis. Hydrophobicity analysis was carnoprecipitated with antisera to PhoA, washed and analyzed by ried out using the Engleman-Steitz hydrophobicity scale [34] SDS/PAGE. Gels were scanned in a FUJIX Bas 1000 phosphoand the TOPPRED algorithm [35, 36] with a full window size imager and analyzed using the MacBAS software (version 2.1).
of 21 residues and a core widow size of 15 residues. To block the function of SecA [28] or dissipate the proton motive force across the inner membrane, sodium azide or CCCP were added to final concentrations of 2 mM and 50 µM, respec-RESULTS tively, 1 min before pulse labeling.
PhoA activity assay. Alkaline phosphatase activity measure-Assays for stop-transfer efficiency in E. coli. As a model protein for measuring stop-transfer efficiency, we chose the wellments were performed in strain CC118 transformed with the ap-characterized E. coli inner membrane protein leader peptidase round of PCR amplification, and the resulting double-stranded molecules were digested with SpeI and BamHI (compatible with (Lep). Lep has two transmembrane segments (H1, H2) near the N-terminus, a short cytoplasmic loop (P1), and a large, periplas-BglII) and cloned into the Lep(SpeI/BglII)/PhoA vector. 30 different clones were selected at random and used in the subsequent mic C-terminal domain (P2), Fig. 1 . Translocation of the P2 domain requires an active Sec machinery [37] and depends on the analysis. For these clones, the overall base composition in the three randomized codon positions was found to be proton-motive force (pmf) across the membrane [38] .
For these studies, two unique restriction sites (SpeI and A 0.31 C 0.15 G 0.15 T 0.39 /A 0.17 C 0.23 G 0.11 T 0.48 /A 0.00 C 0.98 G 0.02 T 0.00 ; i.e., reasonably close to the design target. BglII) were introduced by site-directed mutagenesis into the middle of the P2 domain (in codons 226Ϫ227 and 231Ϫ232, respectively), and pseudo-random oligonucleotides encoding a Stop-transfer activity correlates with overall hydrophobicity. stretch of 18 predominantly hydrophobic amino acids were In an initial screen of the 30 clones, PhoA activities were meacloned between these sites.
sured and plotted as a function of the mean hydrophobicity of To allow an easy measure of the stop-transfer efficiency of the pseudo-random segments as calculated by the TOPPRED the pseudo-random segments in E. coli, the alkaline phosphatase algorithm [35, 36] , Table 1 and Fig. 2 . Two classes of sequences (phoA) gene lacking the portion encoding the signal peptide was could be identified: those with high PhoA activity (similar to fused at a newly introduced KpnI site in codon 253 of Lep(SpeI/ the activities reported previously for PhoA fusions to the P2 BglII). Since two critical disulfide bonds are necessary for PhoA domain of wild type Lep [44] ; see clone no. 1113 in Table 1 ) activity [39] , PhoA will only be active when located in the oxi-and low mean hydrophobicity, and those with relatively low dizing environment of the periplasm but not in the cytoplasm PhoA activity and high mean hydrophobicity. However, within [40, 41] . Moreover, active, properly folded PhoA is highly prote-each set of sequences, there was no clear correlation between ase-resistant, whereas inactive forms of the protein are readily PhoA activity and mean hydrophobicity measured by a number degraded by proteases [42, 43] . The stop-transfer efficiency of of different hydrophobicity scales (data not shown). any stretch of residues cloned between the SpeI and BglII sites Somewhat surprisingly, even the most hydrophobic pseudoin Lep(SpeI/BglII)/PhoA should thus be reflected both in the random segments gave clones with PhoA activities clearly above enzymatic activity of the fusion protein, and in the level of pro-background. To study this further, three controls were included : tease resistance of the PhoA moiety in detergent-permeabilized the original Lep(SpeI/BglII)/PhoA fusion without an insert cells. Finally, protease treatment of intact spheroplasts should (clone no. 1113), a fusion with 18 leucine residues cloned beresult in the appearance of the protease-resistant PhoA core in tween the SpeI and BglII sites (18L), and a similar fusion but clones with no stop-transfer function, but should give rise to a with 5 arginines immediately following the 18 leucines (18L-slightly larger protected fragment including both the stop-5R). As expected, the first fusion had a high activity ( Table 1) , transfer sequence and the entire PhoA domain in clones with and the 18L-5R construct had essentially no activity. However, stop-transfer activity.
the 18L construct again had a low but non-zero activity. Two possible explanations are either that C-terminal positively Design of pseudo-random oligonucleotides. Three criteria charged residues are needed in addition to the hydrophobic segwere considered in the design of the pseudo-random oligonucle-ment for full stop-transfer function [45] , or that a hydrophobic otides. First, we wanted to avoid stop codons as much as pos-segment placed in the P2 domain can act also as a signal sesible. Second, we wanted to produce a collection of sequences quence and compete with the H2 segment (which is not very spanning the critical hydrophobicity interval that statistical hydrophobic and is followed by a positively charged arginine) analyses of natural stop-transfer sequences have suggested as a for initiation of translocation of downstream segments of the threshold for stop-transfer function [36] . Third, we wanted a set nascent chain. We favor the latter possibility, since flanking posof sequences with a reasonably balanced overall amino acid itively charged residues have previously been found to increase composition. A simple target function that includes these three the stop-transfer efficiency only of marginally hydrophobic segfactors was used:
ments [3] and since translocation of the P2 domain is known to be efficiently blocked by C-terminal positively charged residues [46] . A similar situation with competition for initiation of
translocation between an inefficient signal peptide and a downstream stop-transfer sequence has recently been described [2] . where f stop is the frequency of stop-codons, f i is the frequency of We conclude that there is a reasonably good correlation beamino acid type i, h i is the hydrophobicity of amino acid type i, tween the mean hydrophobicitiy of the pseudo-random segment H 0 is the target mean hydrophobicity, and 0.05 is the target fre-and the PhoA activity, but that the high background activity of quency for all amino acid types. For the hydrophobicity calcula-the clones with more hydrophobic segments impairs the sensitivtion, we used the Engelman-Steitz scale [34] with H 0 ϭ 0.6. So-ity of the assay. lutions with f stop Ͼ 0.0053 (corresponding to more than 10% of all possible 20-residue segments having a stop-codon) were disFunctional stop-transfer sequences detected by a proteasecarded. All possible combinations of base frequencies (in steps protection assay. As a more direct assay for stop-transfer funcof 5 %) in the three codon positions were generated, and evaltion, we carried out protease-protection experiments. As noted uated with the target function. Based on the minimal value of S above, protease treatment of spheroplasts is expected to give rise found, we chose to synthesize a pseudo-random collection of to a PhoA-sized fragment in clones without stop-transfer funcoligonucleotides of the following composition :
tion, and to a slightly larger stop-transfer (ST) fragment when ATTCGTCTTTCCGAGACTAGT(A 0. 30 18 GGATCCGTGACGCACCGC should again leave a PhoA-sized fragment in clones without (or with partial) stop-transfer function and should completely digest Note that the 5′ and 3′ ends are non-degenerate and encode, respectively SpeI and BamHI restriction sites (underlined) used the fusion protein in clones with full stop-transfer activity where the PhoA moiety is cytoplasmic. for cloning. These unique flanking sequences were used in a first 1Ϫ3). A pulse/chase analysis carried out for the 18L-5R clone demonstrated that the stop-transfer segment was stably integrated in the membrane for at least 60 min (Fig. 3 B, lanes 5, 6) but that the periplasmic domain preceding the stop-transfersegment was slowly degraded by endogenous proteases as seen by the disappearance of the full-length molecules at the 60 min chase point (Fig. 3 B, lane 4) . Protease-protection experiments were carried out for a selection of the 30 clones. A clear correlation between the relative amount of ST-fragments seen after a 1 min labeling period and the mean hydrophobicity was apparent, suggesting a loosely defined threshold for stop-transfer function around a mean hydrophobicity of 1Ϫ1.5 (Fig. 3 C) . In the transition region, a number of clones with intermediate mean hydrophobicities gave rise to a significant amount of ST-fragment, suggesting that they were not entirely devoid of stop-transfer function. us to further characterize their behavior in a pulse-chase assay. The ST-fragment was stable during an 8 min chase in clone 18L with high mean hydrophobicity (Fig. 4A , compare with the result for clone 18L-5R above), whereas no ST-fragment was ob-A number of clones were tested in the protease assay. A clone with a low mean hydrophobicity (no. 24) produced only a served in a clone (no. 24) with a low mean hydrophobicity even at the earliest chase time. Notably, in a clone (no. 67) with interPhoA-size protected fragment (Fig. 3 A, lanes 4Ϫ6 ), and one with high mean hydrophobicity (18L) gave rise to the expected, mediate mean hydrophobicity, the ST-fragment gradually disappeared with a half-time of approximately 3 min. slightly larger protected species (ST-fragment, Fig. 3A , lanes rate of translocation of periplasmic domains of inner membrane proteins [20] . In this approach, a biotinylatable domain is fused to the periplasmic domain in question, and its degree of biotinylation (catalyzed by the cytoplasmic enzyme biotin ligase) is As seen in Fig. 4B , a number of clones with intermediate hydrophobicity gave rise to varying levels of a somewhat un-taken as a measure of the time spent in the cytoplasm before translocation. To this end, the PhoA moiety in clones no. 1113, stable ST-fragment, whereas this fragment was not seen in clones with a low mean hydrophobicity (no. 24, no. 66) or in a 24, 67 and 18L-5R was replaced by a 78-residue, biotinylatable domain from the 1.3S subunit of P. shermanii biotin transcarLep wildtype ϪPhoA fusion (no. 1113; data not shown).
In principle, the gradual disappearance of the ST-fragment boxylase (PSBT), and cells were induced for production of the fusion protein for 1 h before conversion to spheroplasts, digescould be due either to translocation or to endogenous proteolysis. Unfortunately, the relatively slow folding of PhoA in the tion with trypsin, SDS/PAGE, transfer to nitrocellulose, and body, weak with streptavidin) and are sensitive to trypsin in spheroplasts, suggesting that the C-terminal PSBT domain is translocated slowly enough to allow a small fraction to become biotinylated. This fraction can be estimated to around 5% if we assume that the full-length form of the 18L-5RϪPSBT fusion is fully biotinylated and that the signal obtained with the Lep antiserum reflects the total amount of full-length protein (Fig. 5 E) .
Clone no. 67, finally, gives a weak signal both with Lep antiserum and streptavidin, and is fully degraded by trypsin. It is thus translocated to the periplasm but accumulates to significantly lower steady-state levels than all the other clones tested (22% compared with clone no. 1113 based on the relative intensities of the Lep signals in Fig. 5A corrected by the levels of the cytoplasmic BCCP protein in Fig. 5 B) . Almost half of the fulllength molecules are biotinylated (Fig. 5 E) suggesting that translocation of the PSBT domain is markedly slower than in clones nos 1113 and 24. It thus appears that the marginally hy- as shown by the appearance of an apparent translocation interintensity of the streptavidin-and Lep-reactive full-length bands (A and mediate of a well-defined size (Fig. 4A) , by a large increase in B) normalized to the value for clone 18L-5R which was set to 1.0. Mean the fraction of biotinylated full-length molecules (Fig. 5 E) , and values from two independent experiments are shown by a strong reduction in the steady-state level Lep-reactive protein (Fig. 5 A) .
Correlation between stop-transfer activity in E. coli and in ECL detection with streptavidinϪhorseradish peroxidase or Lep antiserum.
dog pancreas microsomes. To be able to directly compare stoptransfer function in E. coli and in the mammalian endoplasmic As seen in Fig. 5A , the full-length fusion proteins reacted with the Lep antiserum, although clones nos 67 and 18L-5R reticulum (ER), some of the constructs analyzed above were cloned into the pGEM1 eukaryotic expression vector and progave a considerably weaker signal than did wild type Lep and clones nos 1113 and 24. When probed with streptavidin teins were translated in a reticulocyte lysate in the absence and presence of dog pancreas microsomes. In these experiments, (Fig. 5 B) , the full-length proteins gave signals of similar strengths; in addition, clone 18L-5R gave rise to a strong signal PhoA fusions were not used, but the entire P2 domain from Lep with a potential glycosylation-acceptor site in position 258 was in the 10Ϫ15-kDa region (similar results were obtained when trichloroacetic acid-precipitated whole cells were analyzed, data retained since N-linked glycosylation is a reliable marker for translocation of the P2 domain to the lumenal side of the micronot shown). While the full-length proteins were largely degraded by trypsin treatment of the spheroplasts (70Ϫ90% degradation somal membrane [32] . In addition, a second glycosylation-acceptor site was introduced in position 96 located between H2 relative to the biotinylated cytoplasmic biotin carboxyl carrier protein BCCP, compare Fig. 5B and C) , the biotinylated frag-and the insertion site for the pseudo-random sequences (Fig. 6) .
Thus, inserts devoid of stop-transfer function should be glycosyment in clone 18L-5R was resistant. After solubilization in detergent, all LepϪPSBT fusion proteins were degraded by tryp-lated on both sites, whereas those with stop-transfer function should only be glycosylated on Asn96. sin, and only a protease-resistant fragment of BCCP remained (Fig. 5 D; see [20] ).
As shown in Fig. 6 , clone no. 93 which has an insert of low mean hydrophobicity was efficiently glycosylated on both sites The results for construct 18L-5R are consistent with the topology determined for the 18L-5R/PhoA fusion, i.e., the C-ter- (Fig. 6, lane 2) , and a fragment corresponding to the doubly glycosylated H2-P2 domain was protected from degradation upon minal PSBT domain remains in the cytoplasm and is efficiently biotinylated. Apparently, the full-length form is partly degraded proteinase K treatment (Fig. 6, lane 5) . When the reaction was carried out in the presence of a competitive peptide inhibitor of by endogenous proteases to C-terminal, biotinylated fragments of a size consistent with cleavage near the ST-segment; as noted glycosylation, both doubly, singly, and non-glycosylated molecules were visible (Fig. 6, lane 3) . In contrast, clone no. 62 was above (Fig. 3 B) , the 18L-5R-PhoA fusion is also slowly degraded in vivo to the C-terminal ST-fragment. glycosylated only on one site and was not protected from proteinase K digestion, as expected if the hydrophobic insert has Clones nos 1113 and 24 which lack hydrophobic ST-segments are inefficiently biotinylated (strong signal with Lep anti-stop-transfer function. We have previously shown that the glycosylated, protease-protected H2-P2 fragment in microsome-inserted wild-type Lep has the same mobility on SDS/PAGE as non-glycosylated, full-length Lep [32] ; the somewhat higher mobility of the protected fragment in lane 5 is consistent with the presence of the extra glycosylation site. On the right, expression of the original Lep construct without an inserted, pseudo-random segment (no. 1113) and clones nos 34, 66, 67, 68 and 92 in the absence and presence of rough microsomes. Non-glycosylated products are indicated by a black dot, singly glycosylated products by a white dot, and doubly glycosylated products by two white dots. The Lep construct used is schematically shown. Two unique potential acceptor sites for N-linked glycosylation at Asn96 and Asn258 provide topological markers, since glycosylation is only possible in lumenally exposed domains. Note that the intact Lep protein, not the Lep/PhoA fusion, is used.
(Ϸ2 kDa/added glycan). The results are summarized in Figs 2 and 3C, where singly glycosylated clones are indicated by white squares and doubly glycosylated ones by gray squares. Only in one case (no. 92) was the behavior found to be significantly different in E. coli and in microsomes: while this sequence of rather low mean hydrophobicity gives rise to a fairly stable STfragment (Fig. 4 B) , it lacks detectable stop-transfer function in the microsomal system.
To further characterize the kinetics of translocation of clones such as no. 67, which gives rise to a slowly disappearing STfragment in E. coli, the appearance of singly and doubly glycosylated molecules was followed using an approach first introduced by Rothman and Lodish [33, 48] . 1.5 min after initiation of translation in the presence of microsomes, the inhibitor ATA (Fig. 6) . Further chain initiatergent Triton X-100 to these aliquots to solubilize the microtion was blocked after 1.5 min by addition of the inhibitor ATA. At the indicated times, aliquots were removed and Triton X-100 was added to somes, and continuing translation up to a total time of 1 h. Consolubilize the microsomes and prevent further glycosylation. Translation trol experiments showed that no glycosylation took place after was continued up to a total time of 1 h, and the amounts of singly and detergent solubilization of the microsomes, whereas translation doubly glycosylated molecules were then determined by SDS/PAGE and proceeded unhindered to completion (data not shown). As ginally hydrophobic segment in clone no. 67 is peculiar to E. coli. A possible caveat is that translation is so slow in the in vitro system that it may mask a temporary slowing down of translocation; this can only be discounted by in vivo studies. In Similar experiments were carried out for a number of other any event, there is no suggestion from the present data that clones, Fig. 6 ; singly and doubly glycosylated molecules could short-lived transmembrane intermediates can be generated in the easily be distinguished on the basis of the difference in molecular mass between the non-glycosylated and glycosylated forms microsomal system, in contrast to E. coli.
DISCUSSION
of the translocon into the lipid bilayer but that their weaker interaction with the lipids can make them more susceptible to deWe have generated a collection of pseudo-random, 18-resi-gradation. Both models are broadly in agreement with recent due amino acid segments, and have tested their stop-transfer results using chemical cross-linking to follow the progression of function, both in vivo in E. coli and in a eukaryotic in vitro a transmembrane segment from its initial location within the ER system supplemented with ER-derived microsomes. In general, or E. coli translocons to its final location the lipid bilayer [51Ϫ we find a good correlation between stop-transfer function and 53]. In vitro studies using inverted E. coli inner membrane vesimean hydrophobicity in both systems, and we have not found cles have also shown that certain short hydrophobic segments in any strongly hydrophobic sequences lacking stop-transfer func-the pro-OmpA protein pause in the translocon during translocation or any strongly hydrophilic ones with stop-transfer activity. tion [54] . The apparent threshold between sequences with and without
In any case, our results suggest that stop-transfer sequences measurable stop-transfer activity is approximately 1.5 as calcu-may be proof-read twice: first, by their ability to pause in the lated by the TOPPRED algorithm (Fig. 3 C) . This value is some-translocon, and, second, by their ability to become stably anwhat lower than the threshold defined in a recent study where chored in the lipid bilayer rather than translocated or degraded; the stop-transfer activity of 21-residue sequences composed only essentially the same conclusion was reached recently on the baof Ala and Leu residues was measured in E. coli [2] ; using the sis of an in vitro study of the translocation of a marginally hysame algorithm and hydrophobicity scale as above, one obtains drophobic segment engineered into pro-OmpA [55] . A possible a threshold of approximately 1.8 in this case. We thus conclude advantage of such two-step recognition is that it would leave that overall hydrophobicity is the major determinant of stop-segments of intermediate hydrophobicity (e.g., hydrophobic segtransfer function both in E. coli and in the ER, and that the ments containing one or a few charged residues) more time to detailed amino acid sequence of the stop-transfer sequence, find their way into the bilayer or to interact with other hydrophowhile not without effect, is only of secondary importance. bic segments in the nascent protein, and thus allow for a wider Strictly speaking, since the translocation of the periplasmic loop range of sequence variation in stop-transfer segments. preceding the randomized segments is SecA-and ∆µH ϩ -depenFinally, we note that the criteria for functional stop-transfer dent as assayed by its sensitivity to treatment with azide and sequences appear to be largely conserved between prokaryotes CCCP (data not shown), this conclusion is valid only for mem-and eukaryotes, and that most sequences behave similarly in the brane proteins that use the Sec pathway for membrane insertion two systems, (Fig. 6 ). However, we have come across one, mar- [49] . Beyond hydrophobicity, it is known that both N-terminally ginally hydrophobic, sequence (no. 92) that has stop-transfer and C-terminally flanking segments can influence stop-transfer function in E. coli but not in microsomes, pointing to the exisactivity [3, 50] and thus also influence the exact value of the tence of subtle differences in the way the two translocons inhydrophobicity threshold.
teract with nascent polypeptides in transit. In spite of the good correlation between overall hydrophobicity and stop-transfer function, the stop-transfer activity of se-
